The non-miscibility of the reactants during solvent free poly-ε-caprolactone grafting onto poly(ethylene-co-vinyl alcohol) (EVOH) dramatically affects reaction kinetics. Different solutions were proposed to accelerate the exchange reactions between poly(ethylene-co-vinyl alcohol) and poly-ε-caprolactone. Reactions were conducted in a batch reactor or a mini twin-screw extruder. The addition of a poly(ethylene-co-vinyl alcohol)-g-poly-ε-caprolactone copolymer increased the compatibility of the reactants and led to a higher reaction rate. This copolymer was either prepared separately and added at the reaction beginning or prepared in situ grafting caprolactone from EVOH. The reactive system evolution was analyzed using molar mass evolution, microstructure characterization, thermal properties and the reactive blend morphology. The compatibilization effect combined with optimized reaction conditions, such as concentration and nature of catalyst and temperature, resulted in an important increase in reaction rates. Among the tested catalysts, 1,5,7-Triazabicyclo [4.4.0]dec-5-ene was a more efficient catalyst for grafting reactions than Tin (II) 2-ethylhexanoate.
Introduction
The increasing interest in biodegradable polymer is not only relied to environmental concerns, like waste management, but also on the fact that they can be good candidates for replacing traditional materials, as metals and ceramics, for biomedical applications [1] [2] [3] [4] .
Due to their versatility, bioresorbable polymers can be used either to mimic the properties of various tissues, or to develop devices such as temporary prostheses, porous structures and they can also be utilized as scaffolds for soft and hard tissues engineering [5] .
Since each application requires specific mechanical and degradation properties, polymers, copolymers and blends were specially tailored to obtain materials corresponding to these properties: biodegradability, processability or specific mechanical strength [6] [7] [8] [9] .
Poly(ethylene-co-vinyl alcohol) (EVOH) and poly-ε-caprolactone (PCL) are two polymers with different biodegradability. EVOH is a non-biodegradable copolymer while PCL is biodegradable polyester. Grafting PCL on EVOH or other non-biodegradable polymers associates mechanical properties of a non-biodegradable backbone to the biodegradability of grafts [10] [11] [12] [13] [14] [15] . Poly-ε-caprolactone has been grafted from poly(alkyl methacrylate) or poly(ethylene-co-vinyl alcohol) [10] [11] [12] [13] [14] 16] .
Starch-g-PCL was prepared by ring opening graft polymerization of ε-caprolactone from starch [15] . The synthesis was made using various proportions of Starch/CL/Water to obtain starch-g-PCL with various structures. Ydens et al. [17] synthesized Dextran-g-PCL that is an amphiphilic surfactant polymer. Three synthesis steps were used for protective silylation of dextran, ring opening polymerization from dextran and finally deprotection of silylated dextran-graft-PCL. The synthesis was carried out with three catalysts: triethylamine, aluminum triisopropoxide and tin (II) bis-2-ethylhexanoate. Grafting reaction from dextran was very rapid compared to propagation. Tin (II) 2-ethylhexanoate was a good catalyst.
Reactive extrusion is a very efficient method to obtain copolymers with high conversion [18] [19] [20] . Regarding EVOH graft onto poly-ε-caprolactone few studies were found in literature. Toselli et al. [21] reported EVOH-g-PCL synthesis in toluene at 100 °C. Isopropoxyde aluminium was used as catalyst. A small polymerization degree has been obtained. The synthesized copolymer was used for PE/PVC compatibilization. Gustavo et al. [22] . reported the synthesis and characterization of PMMA-g-PCL micro-beads by suspension polymerization. Methacryloyl-terminated PCL was used as macromonomer.
In previous studies, EVOH-g-PCL was prepared by grafting PCL from EVOH. Different copolymers were obtained which had interesting elastomeric and adhesion properties. Nevertheless, even if ε-caprolactone conversion can be almost total, some caprolactone residuals can subsist [22, 23] . In other studies, and to avoid CL presence in the obtained materials, PCL was grafted onto EVOH [24] . The obtained material was correct but reaction times were relatively high (more than 180 min). It was shown that the low reactivity of the used polymers compared to the reactivity of equivalent low molar mass reactants was due to the immiscibility of the reactive polymers [24] . One goal of these studies is the use of reactive extrusion (REX). Since the mean residence time in REX is typically 2-10 min [25] [26] [27] [28] , the reaction times necessary to achieve the synthesis using the reaction conditions of the previous studies are not in adequation with REX.
The addition of a compatibilizer to a non-miscible polymer blend, composed of a dispersed phase and a continuous matrix, results in a decrease of the dispersed phase size and a better interphase cohesion [29, 30] . These compatibilizers can be either graft or block copolymers [31, 32] and can be prepared using functional oligomers [33, 34] . Since reactions in a heterogeneous system depend on the morphology of the reactive blend, a compatibilization should have a positive effect on reaction apparent kinetics. In addition to the original properties of the prepared copolymers, this is also a model study on a well defined reactive system and the results can be used for other non-miscible reactive polymers.
In this article, the dynamic exchange reactions between poly(ethylene-co-vinyl alcohol) and poly-ε-caprolactone were accelerated combining different effects. The compatibilization of the immiscible reactants by the addition of a poly(ethylene-co-vinyl alcohol)-g-poly-ε-caprolactone copolymer was either prepared separately and added at the reaction beginning or prepared in situ by grafting CL monomer from EVOH, a choice of a catalyst with an important activity for the exchange reactions, and finally optimization of the reaction parameters. Figure 1 presents the torque evolution during exchange reactions between poly-ε-caprolactone and poly(ethylene-co-vinyl alcohol). For run 1 (Table 1) , the catalyst, SnOct 2 , was added at starting time. As shown in (Figure 1 ), a rapid torque decrease was observed within 20 s after the addition of catalyst. The torque stayed low during 120 min then finally increased quickly. Since the evolution of the torque reflects the evolution of viscosities of the reaction medium, these torque evolutions can indicate changes in the reactive system structure, morphology and composition. Alcoholysis is a reaction between alcohol groups of poly(ethylene-co-vinyl alcohol) and esters groups of non graft poly-ε-caprolactone. Poly-ε-caprolactone alcohol chain end reacts with graft ε-caprolactone ester groups. Poly(ethylene-co-vinyl alcohol) alcohols graft poly-ε-caprolactone esters. In addition, transesterification between ester groups of graft and non graft poly-ε-caprolactone is probable.
Results and Discussion
At the beginning of the reaction, the torque reduction is mainly attributed to the effect of catalyst on poly-ε-caprolactone: PCL chain break results in oligomers formation. The torque increase observed at the end of reaction is attributed to an increase of grafting of poly-ε-caprolactone on poly(ethylene-covinyl alcohol).
EVOH-g-PCL Synthesis: Compatibilization Effect
In the preceding paragraph, it was shown that the reaction is relatively slow; this is due to the non-miscibility of the used reactive polymers. In this part, the effect of compatibilization on the apparent reactivity of theses polymers is analyzed: in runs 2 and 3, the comptabilizer was prepared in-situ.
Reactions were made in a glass reactor. In run 2, ε-caprolactone was mixed with EVOH/PCL at a molar ratio of EVOH/PCL/Cl = 3/3/4. The catalyst was added after 15 min of mixing. In run 3 the poly-ε-caprolactone was added 15 min after mixing EVOH/Cl/catalyst.
In order to study the effect of preformed compatibilizer on the alcoholysis reaction, the copolymer EVOH-g-PCL obtained by run1, was added to the reaction run 4.
Torque evolutions for these experiments are presented in Figure 1 .
In runs 2 and 3, the torque increased immediately when the catalyst was added probably due to CL polymerization. The copolymer addition in run 4 did not lead to an immediate evolution of the torque: a slow and continuous increase of the reactor torque was observed suggesting a continuous evolution of the reactive system.
To explain these observations, size exclusion chromatography (SEC), scanning electron microscopy (SEM), nuclear magnetic resonance (NMR), and differential scanning calorimetry (DSC) analysis were performed. Figure 2 shows the SEC curves of the obtained products. For run 2, after 30 min of reaction, a bimodal distribution was observed. The TEM image of this product (Figure 3) shows also a phase separation with a dispersed phase diameter of 1.5 μm. First it is important to note that the dispersion is much finer for run 2 than for run 1 (For run 1 the dispersed phase had 50 μm [24] ). This shows clearly the compatibilization effect of the in-situ formed EVOH-g-PCL.
Nevertheless, the SEC and TEM analysis also shows that, after 30 min reaction, the reactive system is constituted of a mixture of PCL and EVOH-g-PCL.
After 60 min of reaction a homogeneous distribution was observed by SEC for runs 2 and 3: the PCL homopolymers reacted leading to graft copolymers, and the SEC spectra evolutions for higher reaction time are due to redistributions. For run 4, a bimodal distribution was also observed after 30 min. reaction. At 60 min. the distribution became homogeneous and for higher reaction times (more than 60 min) no evolution was detected from SEC spectra. Equivalent evolutions were obtained for runs 2-4 even if the evolution is less perceptible for run 4.
Additional information concerning these systems can be obtained from NMR spectra. For run 1, a continuous decrease of the DPn was obtained while the substitution rate-defined as the molar ratio of the alcohol functions transformed to ester: initial alcohol functions-increased. This shows that grafting and exchange reactions occurred during the 240 min.
For runs 2 and 3, the PCL DPn decreased to 5 and the SR increased to 10 during the first 120 min, then remained constant.
Concerning run 4, the substitution rate at 30 min (3%) increased to (4.2%) after 60 min of reaction, then remained stable until the end of reaction. Table 2 compares DSC data for runs 1-4. The EVOH crystalline phase in EVOH/PCL reactive system is related to the SR. Increasing grafting onto EVOH makes crystallization more difficult and the crystalline phase is inexistent for the higher substitution rates. For runs 1 and 2, the crystalline phase subsisted only for one hour. For all the other experiments, the crystalline phase was not detected even in the lower reaction times, 30 min.
Similarly, the crystalline phase corresponding to the poly-ε-caprolactone depends on the length of the poly-ε-caprolactone chains and also of SR.
The crystallization temperature and enthalpy decreased while the SR increased. Specimens obtained with the higher reaction extents are completely amorphous and have very interesting elastomeric and adhesion properties.
The results obtained from the analyses confirmed that the compatibilization increased the apparent reaction rate of the studied system.
Catalysts Activities: Comparison between TBD and SnOct 2
A previous work described 1,5,7-Triazabicyclo[4.4.0]dec-5-ene (TBD) as a good catalyst for exchange reactions [24] . TBD was used here to compare its effect on exchange reaction between poly(ethylene-co-vinyl alcohol) and poly-ε-caprolactone after compatibilization with in-situ formed EVOH-g-PCL (Run 5).
Substitution rate obtained with run 5 are given in (Table 3 ). 11% of substitution was obtained after only 30 min of reaction. The reaction is almost completed after 1 hour reaction giving a substitution rate (SR) of 15.6%. Then only a few rearrangements occurred leading to completely amorphous elastomer. The SEC chromatographs comparing TBD and SnOct 2 are given in ( Figure 5 ). The molar mass of the reactive system is evidently higher when catalyzed by TBD than by SnOct 2 . These results show clearly that TBD is a much more efficient catalyst for the exchange reactions of the system used in this study than SnOct 2 . It will be used in the following part. 
Reaction Parameters Optimization
In this part, the effect of the main parameters in the EVOH-g-PCL synthesis was analyzed: ε-caprolactone amount, catalyst concentration and reaction temperature. Syntheses were realized by "reactive extrusion" in a mini twin-screw extruder. A bypass, positioned at the extruder screw end, forced the material through a feedback channel assuring a continuous mixing of the reactant. PCL, EVOH and ε-CL were first mixed in the mini-extruder. TBD was introduced when a constant torque was obtained.
In-Situ Formed EVOH-g-PCL Concentration Effect
Runs 6 and 7 evaluate the effect of in-situ formed EVOH-g-PCL on grafting reactions. Run 7 contain twice more CL than in run 6. The results are presented in (Table 4 ). After 30 min of reaction, substitution rate obtained was 6.5% for run 6 and increased to 15% obtained in run 7. The structures as determined by NMR and DSC were unchanged for higher reaction times. SEC ( Figure 6 ) obtained after 60 min of reaction showed a molar mass increase when CL concentration increased. SEM image of the product obtained shows PCL dispersion with a diameter of 7 μm (Figure 7 ). All these results are coherent and indicate that increasing the ε-caprolactone amount led to a faster formation of graft copolymer by grafting from, and also to, a better homogenization of the reactive system. A relatively high CL concentration, at least equal to half the concentration of PCL, is needed to obtain correct results.
In the next paragraphs, the possibility to obtain an effect equivalent to the one observed by a CL concentration increase but changing other reaction parameters will be examined. These parameters are:
Catalyst Concentration
The TBD concentration influence in the reaction is analyzed comparing runs 6 and 8 ( Table 4) . As expected, the increase of the catalyst concentration resulted in higher substitution rate after 30 min of reaction, 10.3% was obtained with 2% (run 8) of catalyst compared to 6.5% with 1% of catalyst (run 6).
Reaction Temperature
Concerning temperature effects, runs 8, 9 and 10, show that the increase in temperature has a positive effect in EVOH-g-PCL synthesis using 4/4/2 EVOH/PCL/CL and 2% of TBD. Three temperatures were used to test temperature effect 176 °C, 186 °C and 200 °C. Figure 8 clearly shows the influence of the temperature on the apparent exchange reaction rate: The molar mass of the reactive system increasing with reaction temperature indicate higher PCL grafting into EVOH. At 200 °C the substitution rate was approximately equivalent to the one obtained for run 7. This observation shows clearly that a catalyst concentration increase coupled with higher temperature led to a similar effect on the reactions as seen by an increase of CL concentration (Table 4) .
Experimental Section

Materials
The materials used in this study are listed in Table 5 . 
Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was carried out on a TA instrument Q10 at a heating or cooling rate of 10 °C min −1 under nitrogen atmosphere. The same thermal history was given to all samples. This consisted of a first heating scan from room temperature to 180 °C at 10 °C min −1 , followed by cooling scan to −80 °C at 10 °C min −1 . Melting point and enthalpies were evaluated from the second scan.
Scanning Electron Microscopy
Scanning Electron Microscopy experiments were made on a HITACHI S3000-N. Samples were dry fractured then gold coated prior to analysis.
Transmission Electronic Microscopy
Ultrathin sections (ca. 30 nm thick) were microtomed from the extrudates at room temperature with a diamond knife and collected on copper grids. Poly-ε-caprolcatone was then selectively stained with osmium tetroxyde (OsO 4 ) during 15 min at room temperature. Imaging was done on a HITACHI H800-3 microscope.
Nuclear Magnetic Resonance
The 1 H NMR analyses were performed with a Bruker DRX250 spectrometer operating at 250 MHz.
The EVOH-g-PCL was analyzed in DMSO-d 6 at 90 °C for solubility reasons.
Size Exclusion Chromatography
Solutions of DMSO containing 18 mg/mL of the product were prepared at 120 °C and analyzed using a WATERS-GPCV 2000 SEC apparatus equipped with three columns: shodex HT807, shodex HT 804 and shodex HT 803. The injector and column compartment were maintained at 120 °C and the pump compartment at room temperature. The pump flow was 1 mL/min. A refractometer coupled with a viscosimeter were used as detectors. Universal calibrations were realized with PMMA standards.
EVOH-g-PCL Synthesis
Batch syntheses were made in a 250 mL glass reactor (90 mm diameter) with a three necked steel cover. A steel anchor stirrer, operating with a RW28WIKA motor at 60 rpm, a condenser and a T-type thermocouple probe were fixed to the cover. A nitrogen flow, previously dried on a silica column, allowed air elimination from the reactor. The reactor was heated using an IKA HBR4 bath with silicon oil.
Reactive extrusion was carried out on a Mini Lab II, Haake rheomix CTW5 co-rotating mini twin-screw extruder. The extruder screws are conical. The screw diameter was 5 mm and its length 109.5 mm. Reactants (typically 5 g) were introduced through the extruder hopper. A bypass, positioned at the screw end, can force the material through a feedback channel equipped with two pressure sensors. It can also force the material out of the barrel through the extruder die. The barrel temperature was set at 175 °C.
Conclusions
Compatibilization of poly(ethylene-co-vinyl alcohol) and poly-ε-caprolactone heterogeneous reactive system resulted in an increase to the reaction rate. In-situ formed EVOH-g-PCL was a more efficient compatibilizer than the preformed copolymer. This effect, combined with an optimization of reaction parameters, catalyst concentration and nature and reaction temperature, made the reactive system adequate for reactive extrusion.
These model study results will be used in other non-miscible reactive systems.
